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FertilityExposure to estrogenic endocrine disruptors (EDCs) during development affects fertility, reproductive and non-
reproductive behavior in mammals and ﬁsh. These effects can also be transferred to coming generations. In ﬁsh,
the effects of developmental EDC exposure on non-reproductive behavior are lesswell studied. Here, we analyze
the effects of 17α-ethinylestradiol (EE2) on anxiety, shoaling behavior and fertility in zebraﬁsh after develop-
mental treatment and remediation in clean water until adulthood. Zebraﬁsh embryos were exposed from day
1 to day 80 post fertilization to actual concentrations of 1.2 and 1.6 ng/L EE2. After remediation for 82 days
non-reproductive behavior and fertilization success were analyzed in both sexes. Males and females from the
1.2 ng/L group, as well as control males and females, were bred, and behavior of the untreated F1 offspring
was tested as adults.
Developmental treatment with 1.2 and 1.6 ng/L EE2 signiﬁcantly increased anxiety in the novel tank test and in-
creased shoaling intensity in both sexes. Fertilization successwas signiﬁcantly reduced by EE2 in both sexeswhen
mated with untreated ﬁsh of opposite sex. Progeny of ﬁsh treatedwith 1.2 ng/L EE2 showed increased anxiety in
the novel tank test and increased light avoidance in the scototaxis test compared to control offspring.
In conclusion, developmental exposure of zebraﬁsh to low doses of EE2 resulted in persistent changes in behavior
and fertility. The behavior of unexposed progeny was affected by their parents' exposure, which might suggest
transgenerational effects.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Endocrine disrupting chemicals (EDCs) have been shown to disrupt
the function of both vertebrate and several invertebrate hormone
systems (Guillette and Gunderson, 2001; Waring and Harris, 2005).
Exposure during narrowwindows of development can lead to irrevers-
ible changes in both the morphology and function of affected organs
(McLachlan, 2001). The reproductive organs and brain have long been
regarded as the main targets for estrogenic EDCs. Human and rodent
data alike shows impaired fertility and reproduction, malformations
and cancers of the reproductive organs as a result of developmental
EDC exposure (McLachlan, 2001; Newbold et al., 2006). In ﬁsh, the ef-
fects of estrogenic EDCs on the reproductive tract are well established.
Findings include abnormal gonad structure and differentiation, inter-
sexuality, sex reversal and decreased fertility (Arukwe, 2001; FenskeNobels allé 7, 141 89Huddinge,
mail.com (K. Volkova).
c. This is an open access article underet al., 2005; Weber et al., 2003). A signiﬁcant amount of studies has ex-
amined the effects of EDCs on reproductive behaviors in ﬁsh (for review
see Söffker et al., 2012). Disturbed reproductive behavior has been ob-
served in the three-spined stickleback, goldﬁsh, guppy and zebraﬁsh
(Bayley et al., 1999; Bjerselius et al., 2001; EspmarkWibe et al., 2002a;
Larsen et al., 2009; Shenoy, 2014). While the reproductive organs are
able to recover from the effects of EDC exposure after remediation in
clean water (Baumann et al., 2014; Larsen et al., 2009; Maack and
Segner, 2004; Weber et al., 2003), the effects on fertilization success
and reproductive behavior appear to be more persistent (Hill and Janz,
2003; Larsen et al., 2009; Schäfers et al., 2007; Van den Belt et al., 2003).
Disrupting the hormonal balance at an early stage of development
can not only disturb gonad development but also interfere with the de-
velopment of brain regions involved in adult endocrine and behavioral
responses (McEwen, 1987). Brain development is tightly regulated
and guided not only by transcription factors but also by endogenous
hormones such as gonadal steroids (Fernandez-Galaz et al., 1997).
EDCs have been shown to affect non-reproductive behavior. Prenatal
EE2 increases fear, anxiety and social neophobia in adult rats (Dugardthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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altered social behavior, increased anxiety, altered spatial recognition
and impaired memory (Ryan and Vandenbergh, 2006; Wolstenholme
et al., 2011; Xu et al., 2010). In humans, prenatal exposure to phthalates
affects aggression, attention and depression (Engel et al., 2010). Expo-
sure to diethylstilbestrol during development has been associated
with an increased frequency of depression (O'Reilly et al., 2010).
Children of women exposed to polychlorinated biphenyls exhibit alter-
ations in distractibility, verbal skills, learning and memory (Zala and
Penn, 2004).
While reproductive behaviors are well studied in ﬁsh, data on
non-reproductive behavior as a result of EDC exposure is relatively
scarce. Adult EDC exposure is shown to alter risky behavior, school-
ing behavior and bottom dwelling (Bell, 2004; Dzieweczynski et al.,
2014; EspmarkWibe et al., 2002b; Xia et al., 2010). Short term
adult exposure to 17α-ethinylestradiol (EE2) increases anxiogenic
behavior in adult guppy and zebraﬁshmales, and intensiﬁes shoaling
behavior in zebraﬁsh (Hallgren et al., 2011; Reyhanian et al., 2011).
Aggressive behavior has been shown to be affected by EE2 exposure in
several ﬁsh species (Colman et al., 2009; Filby et al., 2012; Majewski
et al., 2002) and was modiﬁed by aromatase inhibitors in the African
cichlid ﬁsh (Huffman et al., 2013). Studies on effects of developmental
EDC exposure on non-reproductive behavior are few in ﬁsh, but devel-
opmental EE2 exposure in guppies increases the stress response as
adults (Volkova et al., accepted for publication), and developmental
bisphenol A exposure causes learning deﬁcits in adult zebraﬁsh (Saili
et al., 2012).
This study investigates the effects of developmental exposure to low
doses of the potent EDC EE2, on three non-reproductive behaviors in
zebraﬁsh. EE2 is the main component of most contraceptive pills, and
is released into the environment throughwastewater at concentrations
ranging frombelowdetectable levels up to 200–300 ng/L (Hannah et al.,
2009; Kolpin et al., 2002; Laurenson et al., 2014; Ternes et al., 1999). The
doses currently released into the environment have been shown to be
harmful to aquatic animals (Aris et al., 2014), with a predicted no-
effect-concentration for aquatic organisms at 0.1 ng/L (Caldwell et al.,
2012). EE2 is persistent, widespread (Aris et al., 2014) and has a strong
binding afﬁnity to the estrogen receptor (Denny et al., 2005). It has been
detected in German drinking water (Kuch and Ballschmiter, 2001) and
is, togetherwith other estrogenic compounds, not only a growing public
health concern (Mompelat et al., 2009; Vulliet and Cren-Olivé, 2011)
but also a great ecological risk (Bull and Vogt, 1979). We studied the
effects of EE2 on anxiety and shoaling behavior, parameters of high eco-
logical signiﬁcance in wild ﬁsh populations, likely affecting ﬁtness by
inﬂuencing food foraging, reactions to predators and opportunities to
reproduce.
We hypothesized that zebraﬁsh (Danio rerio) larvae exposed to low
doses of EE2 for 80 days post fertilization followed by 82 days in clean
water would show organizational effects on anxiety and shoaling inten-
sity in the exposed F0 generation and unexposed F1 generation, and on
fertilization success in the exposed F0 generation.
Materials and methods
Animals and treatments
Animals were kept in a 12/12 hour light/dark cycle at 25–27 °C,
pH 7.0. Fertilized zebraﬁsh (Danio rerio) embryos of thewild type strain
AB were obtained from the Karolinska Institute Zebraﬁsh Core Facility,
Huddinge, Sweden. 17α-Ethinylestradiol (Sigma Aldrich, USA) was dis-
solved in acetone and stock solutions were mixed with pre-heated ﬁsh
maintenance system water to ﬁnal nominal concentrations of 0, 3 and
10 ng EE2/L. The ﬁnal concentration of acetone was 5 ppm in control
and EE2 solutions. All solutions were kept in dark glass bottles.
Fertilized eggs from 8 different parental pairs were collected and
kept separately throughout the experiment. The fertilized eggs fromeach parental pair were divided into three lots and assigned to treat-
ment groups of 0, 3 and 10 ng EE2/L respectively. The animals were
treated for 80 days (0–80 dpf). During the ﬁrst 6 weeks, ﬁsh larvae
were raised in 1 L glass tanks (maximally 50 eggs per tank) with partial
solution exchange of 60% every second day. Fish larvae were fed Para-
mecia daily. Artemia (Artemia International LCC, USA) was added to
the diet twice a day from week 5. Sera Dry Flakes (Vipan, Germany)
were added to the diet twice daily fromweek 6. After 6weeks, offspring
from the parental pairs of each treatment dose were placed in separate
net cages and transferred to 20 L tanks in a ﬂow-through systemwith a
ﬂow rate of 280mL/h, resulting in 1/3 exchange of the total volume per
day. Premixed EE2 or control solutions were peristaltically pumped
through silicon tubing, with fresh solutions added every second day.
After 80 days the treatment was stopped and ﬁsh families were trans-
ferred to 2 L tanks and kept in cleanwater under normal zebraﬁshmain-
tenance conditions until adulthood, resulting in an 82 day remediation
period before behavior and fertility testing. The sexes were separated
based on secondary sexual characteristics after 40 days of remediation
in clean water (4 months of age) and re-checked weekly. The sexes
were then kept separated for the rest of the experiment.
In order to produce an F1 generation, males and females treated
with the nominal concentration of 3 ng/Lwerematedwith ﬁsh of oppo-
site sex from the corresponding treatment group of a different family to
avoid sibling mating. The progeny was raised in clean water according
to standard breeding procedures. The same procedure was used to pro-
duce a control F1 generation.
Dissection and sex veriﬁcation
At experimental termination ﬁsh were sacriﬁced by anaesthetization
in 0.5‰ 2-phenoxyethanol (Sigma-Aldrich) followed by immediate
decapitation. Fish were dissected and gonads examined under a micro-
scope. Livers were removed and stored at−80 °C in RNA later (Sigma-
Aldrich) to be used in qPCR analysis of Vtg mRNA expression. All exper-
iments and handling of the animals was performed according to the
Swedish Animal Care legislation, and approved by the Southern
Stockholm Animal Research Ethics Committee (Dnr S130-09).
EE2 concentrations
Water sampleswere collected at three different occasions during the
exposure and stored in darkness at−20 °C. Analyseswas performed ac-
cording to the method previously described (ReyhanianCaspillo et al.,
2014). Brieﬂy, 100 mL water samples were extracted on 100 mg Strata
X-33 μ Polymeric Reversed Phase cartridges, reconditioned with
MeOH. EE2 contentwas analyzed usingDionexUltimate 3000 LC system
(Thermo Scientiﬁc, San Jose, CA, USA), coupled to a triple quadruple
mass spectrometer (TSQ Vantage, Thermo Scientiﬁc, San Jose, CA,
USA). The quantiﬁcation range of the method was 0.5–100 ng/L of EE2,
with EE2-d4 as the internal standard.
Behavior studies
Behaviorwas analyzed in a combination of two previously described
behavior tests: the novel tank test (Egan et al., 2009) and shoaling test
(Moretz et al., 2007). The novel tank test, reﬂecting stress responses in
an unfamiliar environment is well-deﬁned by means of robust re-
sponses to anxiogenic and anxiolytic drugs (Stewart et al., 2011).
Increased bottom-dwelling in the novel tank indicates higher stress.
The shoaling test, detecting group cohesion as social interaction, bold-
ness/wariness of the ﬁsh and possibly also stress, is less well-deﬁned.
Shoaling is, however, extremely ecologically signiﬁcant in ﬁsh. Higher
intensity of shoaling could indicate higher stress. The tests were per-
formed one after the other in the same test episode (Reyhanian et al.,
2011). The test tank (20 × 20 × 40 cm) was ﬁlled with 15 L pre-
heated pure tap water. At the right end, a transparent Plexiglas screen
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prevented visual contact with the test compartment. The tank was
black on three sides and a horizontal and vertical midline divided the
tank into top/bottom and right/left halves (Fig. S1). The novel tank
test was initiated by introducing a ﬁsh to the test tank by netting. Laten-
cy time before the ﬁrst crossing of the horizontal line, number of transi-
tions to the upper half and total time above the midline was recorded.
Behavior was monitored for 5 min, after which the black plastic sheet
was removed, revealing the hidden shoal. Recording for 5 min started
when the test ﬁsh initiated contact with the shoal. Latency to cross the
vertical half-line, number of transitions and time spent away from
shoal in the opposite half of the tank was recorded. Fish that did not
make contact with the shoal within 5 min were excluded. All tests
were video recorded and manually analyzed. Three tanks were operat-
ing in parallel, and experiments were performed between 9:00 AM and
1:00 PM. Swimming activity was quantiﬁed as number of lines crossed
in a grid, both horizontally and vertically, during 1 min, starting 30 s
after start of the recording in the novel tank test.
For the F1 ﬁsh, an additional test measuring scototaxis (Maximino
et al., 2010) was performed. This test was not available at the time of
testing the F0 generation. The scototaxis test (Maximino et al., 2010),
where an increase in dark compartment dwelling signals increased
anxiety and stress has been shown to be similar to the novel tank test
in detecting stress behavior (Blaser and Rosemberg, 2012). The test
tank (20 × 20 × 40 cm) was ﬁlled with pre-heated tap water up to a
10 cm level and divided into one black and one white half (Fig. S1).
No lid was used. All sides of the tank were covered with plastic in the
corresponding color of that half. The tank had two transparent central
sliding doors, creating a compartment of 5 × 20 cm. The test ﬁshwas in-
troduced into the central compartment, and after a 5 min habituation
period the sliding doorswere raised and the scototaxis behavior record-
ed from above for 5 min as latency to ﬁrst entrance into the white zone,
number of transitions to white zone and total time spent in white zone.
Fertilization success
Fertilization data was collected from the F0 generation only. Males
and females fromeach treatment groupweremated to an equal number
of untreated AB ﬁsh of the opposite sex. Each family was if possible rep-
resented by 1–2 individuals of each sex. The ﬁsh were put together in
mating cages with 1–2 males and 1–2 females per cage for 24 h. Total
number of eggs laid, number of fertilized eggs, hatching and survival
of larvae after 6 days was recorded.
Vtg gene expression analysis
To verify remediation after exposure, Vtg expression was analyzed
in livers from 82 days after exposure. To prove an estrogenic effect of
the treatment it would have been necessary to measure Vtg expression
also before the remediation period; it was, unfortunately not possible to
spare animals for this purpose in this study. Total RNA was extracted
from male livers with TriReagent (Sigma-Aldrich, Germany), according
to themanufacturer's protocol. cDNAwas obtained from 0.5 μg RNA per
liver, using iScript cDNA Synthesis Kit (BioRad). Individual liver samples
(NControl = 8, N1.2 ng = 10, N1.6 ng = 10) were analyzed for hepatic Vtg
expressionwith Quantitative Real-Time PCR (qPCR). The qPCRwas per-
formed using BioRad C1000 Touch Thermal Cycler, CFX96 Real-Time
System, with the oligonucleotide primers Vtg2 5′-GGTGACTGGAAGAT
CCAAG-′3 and Vtg2 3′-TCATGCGGCATTGGCTGG-′5 (Fernandez-Galaz
et al., 1997). The samples were normalized against the mRNA expres-
sion of the housekeeping gene 18 s RNA (18a small ribosomal unit
RNA) as internal reference, using the following primers: 18s 5′-
AATGTCTGCCCTATCAACTTTC-′3 and 18s 3′-TGGATGTGGTAGCCGT
TTC′5 (Salierno and Kane, 2009). All primer sets were tested for spec-
iﬁcity and qPCR was performed using iTaq Universal Sybr Green
Supermix (BioRad) according to the program previously described byReyhanianCaspillo et al. (2014). All samples were run in triplicates.
The mean Ct value was used for quantiﬁcation according to the 2−ΔΔCt
method (Livak and Schmittgen, 2001).
Statistical analysis
Statistical analysis of the qPCR was performed with GraphPad Prism
5.0. Differences between exposure groups were determined by analysis
of variance (ANOVA) followed by Dunnett's post hoc test. Differences
were considered signiﬁcant at p ≤ 0.05. Data from the novel tank,
shoaling and scototaxis tests were analyzed with generalized linear
mixed-effects models in R 3.01 (R Core Team, 2013) and package
lme4 (Bates et al., 2014), followed by Tukey's multiple comparison
using packagemultcomp (Hothorn et al., 2008)where necessary. For la-
tency data and time spent in different compartmentswe applied Gauss-
ian distribution of residuals. For the analyses of number of transitions,
we applied Poisson distribution. For the F0 generation several individ-
uals from the same family were represented in each treatment. There-
fore we used mixed models with sex, treatment and sex × treatment
asﬁxed variables, and family as a randomvariable to separate the effects
of treatment and sex frommaternal family effects. Male and female data
was also analyzed separately, with treatment as ﬁxed variable and fam-
ily as random variable. In the F1 generation one family was only repre-
sented in one treatment. In thesemixedmodels we used sex, treatment
and sex × treatment as ﬁxed variables but the random variable family
was nested within treatment. For all models showing non-normal
or heteroscedastic residuals, we managed to normalize with log trans-
formation of the response variable. Calculations of effect size, or vari-
ance explained, in generalized linear mixed models are not trivial.
Nakagawa and Schielzeth (2013) have suggested a general method for
obtaining R2 for Generalized linear mixed-effects models. This method
allow for calculations of a marginal R2GLMM(m) representing the variance
explained by the ﬁxed effects, and a conditional R2GLMM(c) representing
the variation explained by the full model including the random effects.
In our analyses we have calculated both marginal and conditional R2
for all models except for post-Hoc tests of pairwise comparisons
where it is not easily applicable. We have used the R package arm
(Gelman and Su, 2014) and adopted the R-scripts from the supplements
of Nakagawa and Schielzeth (2013). For simplicity we use the notations
R2(m) and R2(c) for the remainder of the text. All reported mean values
and conﬁdence limits from models using log transformed data are
back transformed to arithmetic scale. Fertilization success and sex
ratio were analyzed with Chi square tests and family-wise α levels
were adjusted with Holm's test (Holm, 1979).
Results
EE2 concentrations
Control water samples contained no detectable levels of EE2. The
detected actual concentrations (mean ± SEM) of EE2 in samples from
the treatment tanks were 1.2 ± 0.1 and 1.6 ± 0.2 ng/L. As there was a
deviation from the nominal concentrations, the treatment groups are
henceforth referred to as 1.2 and 1.6 ng/L throughout the article. The
raising of zebraﬁsh larvae required an intense feeding schedule
resulting in a lipid-rich residue layer accumulating on aquaria walls.
This likely trapped the lipophilic EE2 and contributed to the deviation
from the nominal concentrations. Adhesion to the silicone tubing
used in the ﬂow-through system may also have decreased the actual
concentrations.
Sex ratio and Vtg gene expression
After remediation in clean water for 82 days, all ﬁsh that were mac-
roscopically determined as males were shown to contain testes upon
microscopic examination. All phenotypical females had ovaries. In the
Fig. 1. Behavior of zebraﬁsh males and females developmentally treated with 0, 1.2 or
1.6 ng/L EE2 during theﬁrst 5min in the novel tank test. (1A) Latency time before crossing
the horizontal midline. (1B) Number of transitions to the upper half. (1C) Time spent in
the upper half. Data represent mean ± 95% CI. *p b 0.05, **p b 0.01, ***p b 0.001, Tukey
multiple comparison test. * signiﬁcant difference from controls of same sex, # signiﬁcant
difference (p b 0.05) from control males.
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consisted of 62% males (29 males, 18 females), the 1.2 ng/L treatment
group of 75% males (39 males, 13 females), and the 1.6 ng/L group of
64% males (46 males, 26 females). No signiﬁcant differences in sex
ratio among treatment groups was observed (Chisq = 2.40, df = 2,
p = 0.30). There were no signiﬁcant differences in hepatic Vtg mRNA
expression between F0 control males and males in any of the other
treatment groups after 82 days of remediation in clean water (see
Supplemental material, Fig. S2). In the unexposed F1 generation the
control group consisted of 41% males (10 males, 14 females), while
the offspring of ﬁsh treated with 1.2 ng/L consisted of 50% males (9
males, 9 females), representing no signiﬁcant differences in sex ratio
among treatment groups (Chisq= 0.29, df= 1, p= 0.59).
Behavior of the F0 generation
Novel tank test
Developmental exposure to EE2 signiﬁcantly increased latency to
move to upper half (Chisq=10.79, df=2, p=0.005), decreased num-
ber of transitions to upper half (Chisq=54.68, df=2, p b 0.001) and de-
creased total time in upper half (Chisq = 8.74, df = 2, p = 0.013, see
Supplemental material, Table S2). Latency to upper half differed signif-
icantly by sex (Chisq = 5.69, df = 1, p = 0.017), and a signiﬁcant sex
× treatment interaction was observed for number of transitions to
upper half (Chisq= 18.66, df= 2, p b 0.001). Effect sizes for the three
full models were R2(m) = 10.57% and R2(c) = 14.81% (latency to upper
half), R2(m) = 13.78% and R2(c) = 25.08% (number of transitions to
upper half) and R2(m) = 8.33% and R2(c) = 12.48% (for total time in
upper half). To further evaluate sex differences and treatment effect,
we analyzed males (NControl = 29, N1.2 ng = 39, N1.6 ng = 46) and fe-
males (NControl = 18, N1.2 ng = 13, N1.6 ng = 26) separately (Fig. 1). Fe-
males treated with 1.6 ng/L showed increased latency to ﬁrst transition
(Fig. 1a, z = 3.07, p = 0.006), had signiﬁcantly fewer transitions to
upper half (Fig. 1b, z=−5.60, p b 0.001) and spent less time in upper
half (Fig. 1c, z=−2.69, p=0.02) compared to control females. Females
treated with 1.2 ng/L showed signiﬁcantly fewer transitions to upper
half (Fig. 1b, z=−4.32, p b 0.001). In males, the only signiﬁcant differ-
ence from control males was fewer transitions to upper half after
1.6 ng/L treatment (Fig. 1b, z=−4.23, p b 0.001).
Control males were compared to control females, showing that con-
trol females had signiﬁcantly shorter latency to ﬁrst transition to upper
half (Chisq= 5.72, df= 1, p= 0.017) and larger number of transitions
to upper half (Chisq = 8.33, df = 1, p = 0.004) compared to control
males (Fig. 1).
Shoaling test
Fish that failed to make contact with the group within 5 min were
excluded from the shoaling test (males: 3 from control group and 4
from the 1.6 ng/L group, females: 5 from control group, 4 from the
1.2 ng/L group and 13 from the 1.6 ng/L group). The behavior of the re-
maining animals is shown in Supplemental material, Table S2. The
shoaling test showed that developmental exposure to EE2 signiﬁcantly
increased latency to opposite half (Chisq= 12.29, df = 2, p = 0.002),
decreased number of transitions to opposite half (Chisq= 76.47, df=
2, p b 0.001) and decreased total time in opposite half (Chisq= 14.90,
df= 2, p b 0.001). All parameters differed signiﬁcantly by sex and had
a signiﬁcant sex × treatment interaction (see Supplemental material,
Table 2S). Effect sizes for the three full models were R2(m) = 25.61%,
R2(c) = 25.78% (latency to opposite half), R2(m) = 23.84%, R2(c) =
31.27% (transitions to opposite half) and R2(m) = 28.28%, R2(c) =
31.95% (total time in opposite half). The analysis of behavior in males
(NControl = 26, N1.2 ng = 39, N1.6 ng = 42) and females (NControl = 13,
N1.2 ng=9,N1.6 ng=13) in the shoaling test are shown in Fig. 2. Females
treatedwith EE2 showed a signiﬁcant increase in latency (Fig. 2a; 1.2 ng:
z = 3.17, p = 0.0045, 1.6 ng: z = 4.49, p b 0.001), fewer transitions
to opposite half (Fig. 2b; 1.2 ng: z = −5.37, p b 0.001, 1.6 ng:z = −6.31, p b 0.001) and a decrease in time spent in the opposite
half (Fig. 2c; 1.2 ng: z = −2.60, p = 0.026, 1.6 ng: z = −3.53,
p = 0.001) compared to control females. In males, the only signif-
icant difference was seen in total transitions to opposite half after
1.6 ng/L treatment (Fig. 2b, z = −5.21, p b 0.001). Control females
had shorter latency to ﬁrst transition to opposite half (Chisq = 18.47,
df = 1, p b 0.001), larger number of transitions to opposite half
(Chisq = 95.84, df = 1, p b 0.001) and spent longer time in opposite
half (Chisq=24.08, df=1, p b 0.001) compared to controlmales (Fig. 2).Activity
The swimming activity was signiﬁcantly lower in ﬁsh developmen-
tally treated with 1.6 ng/L EE2 (Chisq = 6.42, df = 2, p = 0.04) com-
pared to controls (see Supplemental material, Table S2). A signiﬁcant
Fig. 2. Shoaling behavior of adult zebraﬁsh developmentally treatedwith 0, 1.2 or 1.6 ng/L
EE2. (2A) Latency time before leaving shoal (crossing the vertical midline). (2B) Number
of transitions to the opposite side. (2C) Time spent in the opposite half. Data represent
mean± 95% CI. *p b 0.05, **p b 0.01, ***p b 0.001, Tukeymultiple comparison test. * signif-
icant difference from controls of the same sex, # signiﬁcant difference (p b 0.05) from con-
trol males.
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effect was found in ﬁsh treated with 1.2 ng/L. The effect size for the full
model was R2(m) = 12.60%, R2(c) = 14.92%.Fig. 3. Fertilization success of zebraﬁsh developmentally treated with 0, 1.2 or 1.6 ng/L EE2 and
test, *p b 0.05, **p b 0.01, p*** b 0.001.Analysis ofmales and females separately showed that the swimming
activitywas signiﬁcantly lower (z=−2.97, p=0.008) in females treat-
ed with 1.6 ng/L compared to controls. No signiﬁcant differences were
observed in females treated with 1.2 ng/L or treated males (data not
shown).
Fertilization success
The capacity of developmentally treated ﬁsh to induce spawning
and fertilize eggs was tested by mating them to untreated animals of
similar age and opposite sex. The frequency of fertilized eggs after a
24 h spawning period (Fig. 3) was 89% for control males (N = 12),
82% for males treated with 1.2 ng/L (N = 18) and 58% for males
treated with 1.6 ng/L (N = 16). This represented a signiﬁcantly
lowered fertilization success in EE2-treated males compared to con-
trol males (Fig. 3; 1.2 ng/L: Chisq = 7.16, df = 1, p = 0.0074,
1.6 ng/L: Chisq=101.40, df= 1, p b 0.001). In females the frequency
of fertilized eggs was 63% for controls (N = 12), 23% for 1.2 ng/L
(N = 5) and 54% for females treated with 1.6 ng/L (N = 6). In fe-
males, this represented a signiﬁcant decrease in fertilization success
after developmental treatment with 1.2 ng/L (Chisq= 90.07, df= 1,
p b 0.001) and 1.6 ng/L (Chisq = 4.24, df = 1, p = 0.04) in a non-
monotonic pattern. No signiﬁcant differences in hatching of the lar-
vae or six day survival were observed between treatments (data not
shown).
Behavior of the F1 generation
Novel tank test
The results for the novel tank test (see Supplemental material,
Table S3) show that offspring of ﬁsh developmentally treated with
1.2 ng/L EE2 had a signiﬁcant increase of latency to ﬁrst transition to
upper half (Chisq = 10.21, df = 1, p = 0.0014), and decreased total
time in upper half (Chisq=24.03, df=1, p b 0.001). Number of tran-
sitions to upper half signiﬁcantly differed by sex (Chisq= 7.05, df=
1, p = 0.008) and showed a signiﬁcant sex × treatment interaction
(Chisq = 18.58, df = 1, p b 0.001). Effect sizes for the three full
models were R2(m) = 34.51%, R2(c) = 55.53% (latency to upper
half), R2(m) = 30.80%, R2(c) = 63.44% (number of transitions to
upper half) and R2(m) = 47.82%, R2(c) = 56.37% (total time in upper
half). Analysis of males (NControl = 10, N1.2 ng/L = 9) and females
(NControl = 14, N1.2 ng/L = 9) separately (Fig. 4) showed that both
sexes were affected in a similar manner. Treated F1 males had signif-
icantly increased latency to ﬁrst transition (Fig. 4a; Chisq = 4.68,
df = 1, p = 0.03, R2(m) = 33.52%, R2(c) = 70.14%), and decreased
total time in upper half (Fig. 4c; Chisq = 5.86, df = 1, p = 0.02,
R2(m) = 42.61%, R2(c) = 88.60%). Female progeny of ﬁsh develop-
mentally treated with 1.2 ng/L showed signiﬁcantly increased laten-
cy to ﬁrst transition (Fig. 4a; Chisq = 4.66, df= 1, p= 0.03, R2(m) =
18.96%, R2(c) = 24.72%), decreased number of transitions to upper
half (Fig. 4b; Chisq = 5.32, df = 1, p = 0.02, R2(m) = 10.42%,
R2(c) = 17.33%), and decreased total time in upper half (Fig. 4c,mated with untreated ﬁsh of opposite sex. Chi square test, α levels adjusted with Holm's
Fig. 4. Behavior of untreated progeny (F1 generation) from zebraﬁsh developmentally
treatedwith 0 or 1.2 ng/L EE2 during 5min in the novel tank test. (4A) Latency time before
crossing the horizontal midline. (4B) Total number of transitions to the upper half. (4C)
Total time spent in the upper half. Data represent mean ± 95% CI. *p b 0.05, **p b 0.01,
***p b 0.001.
Fig. 5. Scototaxis behavior of untreated progeny (F1 generation) from zebraﬁsh develop-
mentally treatedwith 0 or 1.2 ng/L EE2. (5A) Latency time before entering thewhite zone.
(5B) Total number of transitions intowhite zone. (5C) Total time spent inwhite zone. Data
represent mean ± 95% CI. *p b 0.05, **p b 0.01, ***p b 0.001. * signiﬁcant difference from
controls of same sex, # signiﬁcant difference (p b 0.05) from control males.
35K. Volkova et al. / Hormones and Behavior 73 (2015) 30–38Chisq = 5.07, df = 1, p = 0.02, R2(m) = 35.80%, R2(c) = 68.36%). No
signiﬁcant differences were found between control males and con-
trol females.
Shoaling test
No signiﬁcant differences were observed in the shoaling test be-
tween progeny of ﬁsh developmentally treated with 1.2 ng/L EE2 and
progeny of control animals (data not shown).
Total number of transitions to opposite half differed signiﬁcantly by
sex (Chisq= 44.33, df= 1, p b 0.001). When control males were com-
pared to control females, males showed signiﬁcantly fewer total num-
ber of transitions to opposite half (Chisq = 21.06, df = 1, p b 0.001,
data not shown).
Scototaxis behavior
To further analyze the behavior in untreated progeny (F1 generation)
of ﬁsh developmentally treated with 0 or 1.2 ng/L EE2, a scototaxis test
(dark/light preference) was performed. Progeny of ﬁsh developmentallytreated with 1.2 ng/L EE2 had signiﬁcantly longer latency to ﬁrst
entrance into the white zone (Chisq= 5.68, df= 1, p= 0.017), fewer
transitions to white zone (Chisq= 11.27, df= 1, p b 0.001) and spent
signiﬁcantly less time in the white zone (Chisq = 12.34, df = 1,
p b 0.001) compared to progeny of control animals (see Supplemental
material, Table S3). Number of transitions to white zone differed signif-
icantly by sex (Chisq=21.64, df=1, p b 0.001). Effect sizes for the three
full models were R2(m) = 16.57%, R2(c) = 23.93% (latency to ﬁrst en-
trance into white zone), R2(m) = 47.90%, R2(c) = 62.30% (number of
transitions to white zone) and R2(m) = 31.52%, R2(c) = 36.81% (total
time in the white zone). Analysis of males (NControl = 12, N1.2 ng =
10) and females (NControl = 10, N1.2 ng = 9) separately (Fig. 5) showed
that both sexes were affected. Male progeny of ﬁsh developmentally
treated with 1.2 ng/L EE2 showed fewer transitions to white zone
(Fig.5b: Chisq = 4.55, df = 1, p = 0.03, R2(m) = 16.77%, R2(c) =
37.67%), and spent less time in the white zone (Fig.5c, Chisq = 6.25,
df=1, p=0.01, R2(m) = 32.55%, R2(c) = 50.38%) compared to controls.
Female progeny of ﬁsh developmentally treated with 1.2 ng/L EE2
showed longer latency to ﬁrst entrance into the white zone (Fig. 5a,
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transitions to white zone (Fig. 5b, Chisq = 6.31, df = 1, p = 0.01,
R2(m) = 39.42%, R2(c) = 59.83%), and spent less time in the white
zone (Fig. 5c, Chisq = 5.35, df = 1, p = 0.02, R2(m) = 22.92%, R2(c) =
22.92%) compared to female progeny of control ﬁsh. Control males
were compared to control females, showing that control females
make fewer transitions into the white half (Fig. 5b, Chisq = 16.75,
df= 1, p b 0.001).
Discussion
In this study we show that exposure to low, environmentally rele-
vant doses of EE2 during development caused changes in adult non-
reproductive behavior that are not reversible with remediation in
cleanwater. Furthermore, the behavior response to EE2was transmitted
to the untreated offspring, which might suggest that the observed
effects are transgenerational.
Sex-speciﬁc differences in these behaviors were detected in control
animals. Estrogen is involved in many aspects of the development of
the neuroendocrine system, inﬂuencing brain structure as well as be-
havior. It is well established that males and females exhibit differences
in reproductive and many non-reproductive behaviors (Weiss, 2002)
mediated by imprinting of sex-speciﬁc brain regions (Gore, 2008;
Gore and Patisaul, 2010; McLachlan, 2001). Hormone-induced epi-
genetic modiﬁcations, such as changes in DNA methylations, chro-
matin structure, and micro-RNAs have been identiﬁed (McCarthy
and Nugent, 2013; Nugent et al., 2011). In trout, differential modi-
fying effects of endogenous steroids on the hypothalamo–pituitary–
interrenal axis (HPI, the ﬁsh analogue to the HPA axis) have been
observed. Estradiol stimulates the release of corticotrophin (ACTH)
and increases cortisol plasma levels, while androgens suppress them
(Pottinger et al., 1996). Estrogen activation of stress response in ﬁsh
might be exerted via feedback on the monoaminergic systems regulat-
ing ACTH release (Dinan, 1996). Serotonin receptor agonists trigger cor-
tisol secretion in trout (Winberg et al., 1997), and selective serotonin
release inhibitors relax anxious behavior in the novel tank in zebraﬁsh
(Stewart et al., 2011). In this study, we found that exogenous hormone
administration during development enhanced stress sensitivity in both
sexes. The persistent effects found on non-reproductive behaviors and
fertilization success might suggest organizational effects of EE2 during
early development. In order to establish the mediators of the observed
effects, further analysis of other parameters, such as cortisol, ACTH, thy-
roid hormones and neuroendocrine peptides, is required. In line with
this, we are presently performing an analysis of the complete brain
and gonad transcriptome from developmentally exposed ﬁsh.
Exposure to EE2 increased anxiety and shoal cohesion in both sexes.
In F0 females however, altered behavior was observed at lower doses
than in males, and females thus appear to be more sensitive to the de-
velopmental effects of exogenous estrogens. Such conclusions must,
however, be drawn with caution. It should be taken into consideration
that the stronger effects seen in F0 females could be due to the lower
stress level of female control ﬁsh, compared to male. It might be easier
to discern an anxiogenic effect at low compared to higher background
stress. Taken together with previous results on adult exposure
(Reyhanian et al., 2011), this study shows that zebraﬁsh are susceptible
to endocrine disruption of behavior throughout their life cycle, and it
cannot be excluded that in the wild, developmental and adult exposure
act in synergy to affect ﬁtness. In this respect, the ﬁsh brain with its
neurogenesis throughout life, might bemore sensitive than other verte-
brates to the life-long exposures in the environment.
The effects of EE2 on the two non-reproductive behaviors in the F0
generation were very similar. While the novel tank test is a well-
established and robust behavior test to assess stress response in
zebraﬁsh (Egan et al., 2009; Stewart et al., 2011), the behavior in the
shoaling test is much less well-deﬁned (Miller Noam and Gerlai,
2011). Shoaling is an ecologically important social interaction in ﬁsh.Close shoaling is also an anti-predator strategy, leading to decreased
risk for both group and individual, and increased survival in the pres-
ence of danger. A decreased tendency to leave the shoal is regarded as
ameasure of reduced boldness (Moretz et al., 2007),which is a behavior
connected to stress sensitivity in ﬁsh. In line with this, alarm phero-
mone exposure increases shoal cohesion in zebraﬁsh (Rehnberg and
Smith, 1988). Thus, a component of stress response could be involved
in our results, although the way the experiment is performed, using
the novel tank test as an acclimation period to the new environment,
should decrease the stress impact. We have previously found differ-
ences in response between these tests in EE2-exposed adult zebraﬁsh
males (Reyhanian et al., 2011), supporting that the neuroendocrine
basis of the two behaviors are not identical. This is also indicated
by the lack of effects on shoaling in the F1 generation in the present
study, although the small groups resulting in large variation could
have disguised such an effect. Shoaling behavior has been studied
in several different set-ups in ﬁsh, and has been shown to both in-
crease and decrease in intensity as a response to EDC exposure
(EspmarkWibe et al., 2002b; Ward et al., 2008). This supports that
several components are involved in the behavior. The use of mecha-
nistically well-deﬁned drugs could help to shed light on the role of
stress response in the shoaling test.
In the current study, effects of EE2 on anxiety were present also in
the untreated F1 generation. The offspring of developmentally treated
zebraﬁsh, although consisting of few animals, clearly display signiﬁ-
cantly increased anxiety in the novel tank test and increased light
avoidance in the scototaxis test, compared with offspring of control
ﬁsh. As the F1 ﬁsh have received no EE2, this obviously is an effect of
their parent's exposure. The current study cannot be taken as evidence
of a transgenerational effect since the F1 generation was indirectly ex-
posed as germ cells within their parents, and another generation is
needed to prove transgenerationality (Ho and Burggren, 2010). It
is, however, an indication that such effects of EE2, not previously
shown in ﬁsh, might be found. Only two studies have so far shown
transgenerational effects in ﬁsh. Baker et al. exposed juvenile zebraﬁsh
to dioxin for 1 h at 3 and 7 weeks post fertilization. Sex-ratio, skeletal
abnormalities and fertility were affected in the F0, F1 and F2 genera-
tions without further exposure (Baker et al., 2014). In the other study,
where developing zebraﬁsh were exposed through the diet to polycy-
clic aromatic hydrocarbons (PAHs) until adulthood, the unexposed F1
and F2 offspring had altered locomotor activity (Vignet et al., 2015).
We found a decreased fertilization success in males and females de-
velopmentally treated with EE2, which persisted after a long remedia-
tion period. The reproductive organs and fertility in zebraﬁsh are
highly sensitive to developmental exposure to estrogens (Arukwe,
2001; Fenske et al., 2005; Weber et al., 2003). Developmental long-
term exposure to low doses of EE2 has been shown to result in a
female-biased sex ratio and feminized secondary sexual characteristics
in males (Arukwe, 2001; Fenske et al., 2005; Weber et al., 2003). How-
ever, after a remediation period in clean water, some of the phenotypic
females are able to undergo sex reversal and emerge as phenotypic
males (Baumann et al., 2014; Larsen et al., 2009). The reversibility of en-
docrine disruption after discontinued exposure to EE2 has been demon-
strated for many parameters such as gonad maturity, sex ratio, brain
aromatase (cyp19b) and Vtg expression (Baumann et al., 2014; Hill
and Janz, 2003; Larsen et al., 2009; Van den Belt et al., 2002; Xu et al.,
2008). The long remediation time in the current study allowed for any
such reversal to take place. The sex ratios and hepatic VtgmRNAexpres-
sion in treated animals did not differ from controls, and all phenotypic
males and females contained testes or ovaries, respectively. We have
unfortunately no data on gonad histology, but several studies have
shown that gonad morphology is restored after low-dose developmen-
tal exposures and long remediation periods (Maack and Segner, 2004;
Weber et al., 2003; Xu et al., 2008). However, at higher concentrations,
some alterations in testicular and ovarian morphology may remain
(Maack and Segner, 2004; Weber et al., 2003; Xu et al., 2008). In
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2009; Schäfers et al., 2007; Van den Belt et al., 2003), our study shows
that impairment of fertilization success was still apparent in both
sexes after remediation, despite restored sex ratio, supporting that
these effects are irreversible.
The effects of low, environmentally relevant concentrations EE2 on
key ﬁtness parameters such as fertility, anxiety and shoaling behavior
support the concern about the ubiquitous EDC contamination. Effects
of EDCs have been observed in many wild populations of ﬁsh and
other vertebrates. It is likely that animals, including humans, might ex-
perience deleterious effects of exogenous hormone exposure during
development.
Conclusions
In conclusion, we found persistent effects on non-reproductive be-
havior and fertility after developmental exposure to low levels of EE2
and remediation in clean water until adulthood. Effects on behavior
were also observed in untreated progeny of developmentally exposed
ﬁsh, suggesting transgenerational effects. These irreversible effects of
environmentally relevant EE2 concentrations stress the ecological im-
pact of aquatic EDC contamination.
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